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DNA replication is a fundamental process that duplicates both genetic information (DNA sequence) and epigenetic information (DNA methylation and histone modifications). During DNA replication in each cell cycle, nucleosomes are reassembled onto newly synthesized DNA to maintain the chromatin structures (Probst et al., 2009) . Three key DNA polymerases are essential for DNA replication: DNA polymerase (Pol) a, Pol d, and Pol «. It is a well-accepted concept that, after a short RNA-DNA primer extension by the Pol a-primase complex, Pol « and Pol d replace Pol a and perform the bulk of DNA synthesis in the leading and lagging strand, respectively (Burgers, 2009 ).
Pol d is a highly accurate DNA polymerase that is essential for DNA replication, repair, and recombination and thus for genome integrity (Prindle and Loeb, 2012) . Dysfunction of Pol d results in genomic instability and cancer (Church et al., 2013; Palles et al., 2013) . Pol d in mammals consists of four subunits: the catalytic subunit p125 (POLD1, corresponding to Pol3p in yeast (Saccharomyces cerevisiae) and CDC6 in Saccharomyces pombe); the accessory subunit p50 (POLD2, corresponding to Pol31p in S. cerevisiae and CDC1 in S. pombe); p68 (POLD3, corresponding to Pol32p in S. cerevisiae and CDC27 in S. pombe); and the smallest subunit p12 (POLD4, corresponding to CDM1 in S. pombe; Prindle and Loeb, 2012) . The Pol31p and Pol32p subunits in yeast also interact with DNA polymerase zeta (Pol z) to participate in DNA translesion synthesis and mutagenesis (Johnson et al., 2012) . Recent studies suggest that Pol d may replicate both strands (Johnson et al., 2015; Miyabe et al., 2015) .
Several DNA-replication factors have been reported to help mediate transcriptional gene silencing (TGS) in plants (Liu and Gong, 2011) . In Arabidopsis (Arabidopsis thaliana), mutations in replication factor C1 (RFC1), Pol «, Pol a, and replication protein A2A (RPA2A) can suppress gene silencing in a DNA methylation-independent manner (Elmayan et al., 2005; Kapoor et al., 2005; Xia et al., 2006; Liu et al., 2010a Liu et al., , 2010b . These mutants are hypersensitive to DNA damage and exhibit reduced telomere length and increased genomic instability. BRUSHY1 (BRU1), TEBICHI, and FASCIATA1 (FAS1, chromatin assembly factor 1) are also related to DNA damage and TGS (Takeda et al., 2004; Ramirez-Parra and Gutierrez, 2007; Inagaki et al., 2009) . Because all of these proteins are involved in the DNA replication and repair pathway, we refer to this pathway as the DNA replication and repair-mediated TGS pathway (DRR-TGS pathway). However, the molecular mechanism of this pathway is not well known.
Repressor of silencing 1 (ROS1), a 5-meC DNA glycosylase/demethylase, and its homologous proteins DEMETER and DEMETER-like 2-3, are essential for maintaining the expression of endogenous genes and transgenes through active DNA demethylation (Gong et al., 2002; Zhu, 2009) . In a previous study, we performed a genetic screen for additional ROS genes by using a transgenic Arabidopsis line that carries a T-DNA insertion expressing both the ProRD29A:LUC (firefly luciferase reporter driven by the stress-responsive RD29A promoter) gene and the Pro35S:NPTII (neomycin phosphotransferase II driven by the CaMV 35S promoter) gene. Using this screen, we identified several genes in the RNA-directed DNA methylation (RdDM) pathway whose mutations silence Pro35S:NPTII because of the reduced expression of ROS1, indicating that the RdDM pathway positively modulates ROS1 expression (Huettel et al., 2006; Li et al., 2012) . One of these mutants isolated from the screen was defective in meristem silencing 3 (dms3-4; Li et al., 2012) . DMS3 is a silencing factor in RdDM that coordinates the formation of the DDR complex by defective in RNA-directed DNA methylation 1 and RNA-directed DNA methylation 1 and that facilitates Pol V transcript (Law and Jacobsen, 2010) .
In this study, we used the dms3-4 mutant to identify genes whose mutations release the silencing of Pro35S: NPTII, and we cloned POLD2 from a pold2-1 mutant. Whole-genome bisulfite sequencing (BS-seq) indicated that pold2-1 does not change DNA methylation. Combining chromatin immunoprecipitation (ChIP)-seq with RNA-seq data, we found a high correlation between H3K27me3 and H3K4me3 modification and gene expression caused by the pold2-1. We also found that pold2-1 exhibits sensitivity to DNA-damaging reagents, short telomere length, and genomic instability, including a high frequency of homologous recombination (HR). These results suggest that POLD2 is a new component in DRR-TGS pathway, which does not affect the DNA methylation and H3K9me2, but H3K27me3 and H3K4me3 modification. The altered H3K27me3 and H3K4me3 correlate with the changes of the expression of specific genes caused by POLD2 mutation.
RESULTS

Isolation of a New Component in the DRR-TGS Pathway
dms3-4 was identified during a genetic screen for mutants that silence Pro35S:NPTII in a transgenic Arabidopsis line carrying expressed ProRD29A:LUC and Pro35S:NPTII (C24 accession, which was used as the wild type in this study; Li et al., 2012) . We performed a forward genetic screen using an ethyl methanesulfonate (EMS)-mutagenized dms3-4 population to isolate the mutants that release the silenced Pro35S:NPTII in dms3-4. We isolated several mutants, including pold2-1, rfc1-4, ubiquitin-specific protease26 (ubp26-5), and histone deacetylase 6 (hda6-11) in this screen ( Fig. 1A; Supplemental Fig.  S1 ). The dms3-4 mutant was kanamycin sensitive because of the silencing of Pro35S:NPTII caused by the reduced expression of ROS1, while pold2-1, rfc1-4, and ubp26-5 partially rescued the expression of NPTII in the dms3-4 background (Fig. 1B) and hda6-11 fully recovered the expression of NPTII. UBP26 is a H2B deubiquitination enzyme that is identified in a genetic screening for releasing silencing of ProRD29A:LUC and Pro35S:NPTII in ros1-1 (Sridhar et al., 2007) . HDA6 is a histone deacetylase that is involved in mediating DNA methylation and TGS (Murfett et al., 2001; Aufsatz et al., 2002; Probst et al., 2004 ). However, the expression level of ROS1 was not greatly restored in these mutants (Fig. 1C) . TSIs are endogenous TGS loci (Steimer et al., 2000) , the expression of which is altered in some mutants involved in DNA methylation, histone modification, or DNA replication (Steimer et al., 2000; Xia et al., 2006; Yin et al., 2009; Liu et al., 2010a Liu et al., , 2010b . The expression of TSIs was increased in these isolated mutants (Fig. 1D) . Interestingly, although pold2-1 suppresses the silenced Pro35S:NPTII in the dms3-4 mutant, the expression of NPTII in the pold2-1 single mutant was lower than in the wild type (Fig. 1B) . To confirm the role of POLD2 in controlling the TGS of Pro35S:NPTII, we crossed pold2-1 with other TGS-related mutants. ROS1 and ROS4 (IDM1) are DNA demethylation factors, and ros1 and ros4 exhibited kanamycin sensitivity due to the silencing of Pro35S:NPTII . The double mutants pold2-1 ros1-1 and pold2-1 ros4-1 were resistant to kanamycin (Fig. 1E ). pold2-1 also suppressed the kanamycin-sensitive phenotype in nrpd1-8 and nrpe1-14 (Fig. 1E) . However, pold2-1 had little effect on the ProRD29A:LUC locus in dms3-4. Like mutants of DNA replication-related proteins (Elmayan et al., 2005; Xia et al., 2006; Yin et al., 2009; Liu et al., 2010a Liu et al., , 2010b , pold2-1 failed to suppress the silenced ProRD29A:LUC in the ros1-1 mutant (Fig. 1F) . These results indicate that pold2-1 suppresses the TGS of Pro35S:NPTII and that POLD2 is a newly identified component in the DRR-TGS pathway.
Map-Based Cloning of POLD2
The F1 progeny of pold2-1 dms3-4 backcrossed with dms3-4 had a kanamycin-sensitive phenotype like that of dms3-4 ( Fig. 2A) , and the F2 progeny showed a kanamycin-sensitive to kanamycin-resistant ratio of about 3:1 (177:56; Fig. 2B ), indicating that the pold2-1 allele is recessive and caused by a single nuclear gene mutation. pold2-1 mutant plants were much smaller and flowered earlier than the wild type (Supplemental Fig. S2B ). To clone POLD2, we crossed pold2-1 dms3-4 (C24) with the dms3-1 mutant (Columbia-0 [Col-0]). The mutants with a kanamycin-resistant phenotype were isolated from the F2 progeny. The mutated position in pold2-1 was mapped at the end of chromosome 2, between BAC clones T28M21 and F18O19. A G-A mutation located at 1,170 nucleotides from the putative start codon was identified in AT2G42120 (Fig. 2C) . Because the mutated nucleotide is located at a splicing site between the fifth intron and the sixth exon, we sequenced the various transcripts using OligodT reverse-transcribed cDNAs. Unlike POLD2 in the wild type, the misspliced allele in pold2-1 produced several forms of transcripts (a total of five transcripts were identified from 23 clones). Among them, four transcripts produced premature stop codons, and one transcript missing 6 bp caused deletion of two amino acids and mutation of one amino acid, which might result in the translation of a protein with reduced function (Fig. 2D) . To confirm that the kanamycinresistant and retarded-growth phenotype was caused by the POLD2 mutation, we complemented the pold2-1 dms3-4 double mutant with the full-length POLD2 genomic sequence. The transgenic progeny showed kanamycin sensitivity on Murashige and Skoog (MS) plates containing 50 mg/L kanamycin and grew normally in the absence of kanamycin (Fig. 2E) . The other two constructs, Pro35S:FLAG-HA-POLD2 and ProPOLD2:POLD2-GFP, could also complement the pold2-1 phenotypes (Fig. 2E) . The T-DNA insertion mutant pold2-2 (762B02) was embryo lethal (Supplemental Fig. S2A ), indicating that POLD2 is an essential gene in Arabidopsis. We crossed pold2-1 with pold2-2-/+, and about one-half of the F1 progeny showed more severe dwarf phenotypes than the pold2-1 mutant, indicating that pold2-1 protein dosage influences the plant growth phenotype (Supplemental Fig. S2B ). To determine whether the transcript missing 6 bp in pold2-1 is functional in plants, we transferred this transcript driven by the 35S promoter (Pro35S:pold2-1) Figure 1 . Isolation of mutants that suppress the kanamycin sensitivity of the dms3-4 mutant. A, The phenotype of the wild type (WT), dms3-4, and suppressors of dms3-4 growing on MS medium supplemented with 50 mg/L kanamycin. B, Relative expression of NPTII in the wild type, dms3-4, and suppressors of dms3-4. C, Relative expression of ROS1 in the wild type, dms3-4, and suppressors of dms3-4. D, Relative expression of TSI in wild type, dms3-4, and suppressors of dms3-4. For B, C, and D, RNAs were extracted from 7-dold seedlings. Values were normalized to the expression level of the references gene (UBI). Two independent experiments (each with three technical replicates) were done with similar results. Values are means 6 SE, n = 3, from one experiment. E, pold2-1 released the silencing of 35S:NPTII in ros1, ros4, nrpd1, and nrpe1. The growth phenotype of the wild type, pold2-1, ros1, ros4, nrpd1-8, nrpe1-14, and double mutants pold2-1 ros1, pold2-1 ros4, pold2-1 nrpd1-8, and pold2-1 nrpe1-14 on MS containing 0 or 50 mg/L kanamycin (Kan). F, pold2-1 could not restore the expression of silenced RD29A:LUC caused by the ros1 mutant. Luminescence imaging of the RD29A:LUC transgene. The indicated plants were treated with 300 mM NaCl for 3 h followed by luminescence imaging.
into heterozygous pold2-2-/+ plants. Like the pold2-1 mutant, the transgenic plants carrying Pro35S:pold2-1 with homozygous T-DNA insertion were small (Supplemental Fig. S2C ). These results suggest that this transcript from pold2-1 is partially functional in plants. ProPOLD2:GUS expression indicated that POLD2 is highly expressed in the shoot meristem, cotyledons, and older true leaves (Supplemental Fig. S3A ). POLD2-GFP localization in transgenic plants indicated that POLD2 is a nuclear protein (Supplemental Fig. S3B ).
Genetic Analysis of POLD2 with Other DNA-Replication Proteins
To better characterize the genetic interactions between POLD2 and other DNA-replication proteins, we crossed pold2-1 with some DNA replication-related mutants and analyzed the phenotypes of the double mutants (Fig. 3) . pold2-1 mutant plants were much smaller and flowered earlier than the wild type (Fig.  3A) . pold2-1 pola double mutants were smaller and exhibited more severe growth phenotypes than pola or pold2-1 single mutants (Fig. 3A) , suggesting that the two genes have additive effects on plant growth and development. In contrast, pol« pola double mutants exhibited phenotypes similar to pola mutants (Fig. 3B) , suggesting that Pola and Pol« do not have additive effects on plant growth and work in the same pathway. The phenotypes of the pold2-1 ror1-2 (rpa2a) and pol« ror1-2 double mutant were very similar to those of the ror1-2 single mutant (Fig. 3, C and D) , suggesting that RPA2A is a limiting factor for leading-and lagging-strand DNA replication. The pold2-1 pol« double mutant was similar to A, Phenotypic analysis of F1 seedlings of dms3-4 pold2-1 backcrossed with dms3-4 on kanamycin-containing medium. B, The segregation of F2 seedlings growing on kanamycin-containing medium. C, Map-based cloning of the pold2-1 mutation. The position of the POLD2 mutation was narrowed to the bottom of chromosome 2 between BAC T28M21 and F18O19. The mutation of pold2-1 occurred at splicing sites (G1170A). pold2-2 is a T-DNA insertion allele. The domain structure of the POLD2 protein is indicated. OB, oligonucleotide-/oligosaccharide-binding domain; PDE, phosphodiesterase-like domain. D, Spliced forms of cDNA caused by the pold2-1 mutation. Five kinds of transcripts were identified from 23 independent clones amplified from cDNAs. Among them, four transcripts would produce an earlier stop codon, and one would delete 6 bp and lead to the deletion of two amino acids (delete QE) and to the mutation of one amino acid (from original D to H). E, Complementary analyses of pold2-1 with genomic DNA or Pro35S:FLAG-HA-POLD2 construct, or native promoter driving cDNA (ProPOLD2:POLD2-GFP). Phenotypes of mutant and complementary lines growing on MS medium containing 0 mg/L kanamycin (left) or 50 mg/L kanamycin (right).
pold2-1 (Fig. 3E ), indicating that POLD2 acts at or has an epistasis effect on Pol« for controlling plant development. Furthermore, pola ror1-2 double mutants exhibited more severe growth phenotypes than pola or ror1-2 single mutants ( Fig. 3F ), suggesting that Pola and RPA2A interact genetically in controlling plant growth (Fig. 3F) .
ATR (Ataxia Telangiectasia-mutated and Rad3-related) is a DNA damage-activated protein kinase that is involved in the progression of DNA replication forks, and ATM (Ataxia Telangiectasia-Mutated) is a double-strand break-activated protein kinase. The atr mutant did not show a clear growth phenotype, and the atm mutant had a partially sterile phenotype relative to the wild type under normal growing conditions (Garcia et al., 2003; Culligan et al., 2004) . The pold2-1 atr double mutant showed severe defects in leaf development and fertility ( Fig. 3G) , and the pold2 atm double mutant showed growth phenotypes similar to those of pold2-1 (Fig. 3H ). These results suggest that POLD2 and ATR have additive roles in controlling plant development. Previous studies indicated that DNA replicationrelated proteins have roles in controlling the cell cycle, HR, and genomic stability (Liu and Gong, 2011) . In evaluating the effects of POLD2 on these processes, we found that the pold2-1 mutant was more sensitive to alkylating agent methyl methanesulfonate (MMS) than to the DNA-replication inhibitor hydroxyurea (HU) or to the DNA-interstrand crosslink-reagent cisplatin (Fig. 4, A and B) . Quantitative real-time PCR (qRT-PCR) assessment of the expression of several genes that are responsible for DNA repair including breast cancer susceptibility 1 (BRCA1), RAD51, poly(ADP-ribose) polymerase 1 (PARP1), and PARP2. These genes were expressed at higher levels in pold2-1 or pold2-1 dms3-4 than in the wild type or dms3-4 (Fig.  4C ). To investigate cell cycle progression in the pold2-1 mutant, we crossed pold2-1 with the ProCYCB1;1:GUS reporter line (CYCB1;1 is expressed during the G2/M transition and serves as a marker for cell cycle regulation). GUS activity in both the root and the shoot apical meristem was much stronger in pold2-1 than in the wild type (Fig. 4D , a-d). RT-PCR confirmed that expression of the mitotic cyclin CYCB1;1 was higher in pold2-1 than in the wild type (Fig. 4De ). This result indicates that pold2-1 delays the cell cycle.
We evaluated the frequency of HR in pold2-1 by introducing the reporter line 651 (in C24 accession) into the pold2-1. Reporter line 651 carries an inverted orientation of the inactive GUS gene (Lucht et al., 2002) . Phenotypic analyses of pold2-1 with other DNA replicationrelated mutants. A, Phenotype of the wild type (WT), pold2-1, pola, and pold2-1 pola double mutant. B, Phenotype of the wild type, pol«, pola, and pol« pola double mutant. C, Phenotype of the wild type, pold2-1, ror1-2 (rpa2a), and pold2-1 ror1-2 double mutant. D, Phenotype of the wild type, pol«, ror1-2 (rpa2a), and pol« ror1-2 double mutant. E, Phenotype of the wild type, pol«, pold2-1, and pold2-1 pol« double mutant. F, Phenotype of the wild type, ror1-2 (rpa2a), pola, and pola ror1-2 double mutant. G, Phenotype of the wild type, atr, pold2-1, and atr pold2-1 double mutant. H, Phenotype of the wild type, atm, pold2-1, and atm pold2-1 double mutant. Bar = 1 cM.
A blue sector indicates that an intrachromosomal recombination event has reconstituted a functional GUS gene. As shown in Figure 4E , many more GUS staining sectors were observed in the cotyledons in pold2-1 than in the wild type, suggesting that HR is negatively modulated by POLD2. A previous study indicated that mutations in the catalytic subunit of Pol d (POLD1) result in genome instability and enhance the frequency of somatic intramolecular HR (Schuermann et al., 2009 ). We also found that the telomere was shorter in pold2-1 or pold2-1 dms3-4 than in the wild type or dms3-4 (Fig. 4 , F and G), suggesting that POLD2 is involved in modulating telomere length.
pold2-1-Released NPTII Silencing in dms3-4 Is Independent of DNA Methylation
We used whole-genome BS-seq to determine whether DNA methylation is altered by pold2-1. Consistent with a previous study (Zhao et al., 2014) , the 35S promoter region had a high level of DNA methylation (Fig. 5A) . The level of DNA methylation in 35S was similar among pold2-1, pold2-1 dms3-4, dms3-4, and the wild type (Fig. 5B) . Researchers have reported that, in ros1 and some other related mutants, the DNA methylation level at the NOS region is increased (Zhao et al., 2014) , which leads to the silencing of NPTII. Indeed, we found that DNA methylation and especially CG methylation is increased in the dms3-4 mutant because of the reduced expression of ROS1 ). The methylation level, however, is similar in dms3-4 and pold2-1 dms3-4 (Fig. 5C) . Interestingly, the DNA methylation pattern in pold2-1 is much more similar to that in the pold2-1 dms3-4 or dms3-4 mutant than to that in the wild type (Fig. 5C ). This is probably because the pold2-1 single mutant was obtained from the progeny of pold2-1 dms3-4 crossed with the wild type, and the hyper DNA ) MMS, or 25 mM cisplatin (25 CIS). P-values were calculated using Paired Student's t test. B, Relative fresh weight of seedlings in D. The fresh weight relative to untreated controls after treatment with DNA-damaging reagents is shown. Values are means 6 SE, n = 3. C, Relative expression of DNA damage response genes in the wild type, dms3-4, pold2-1 dms3-4, and pold2-1 as determined by qRT-PCR. RNAs extracted from 7-d-old seedlings were used for qRT-PCR. Values were normalized to the expression level of the references gene (UBI). Two independent experiments (each with three technical replicates) were done with similar results. Values are means 6 SE, n = 3, from one experiment. D, pold2-1 increases the expression of ProCYCB1;1:GUS. ProCYCB1;1:GUS was introduced into the pold2-1 mutant by crossing the wild type carrying ProCYCB1;1:GUS with the pold2-1 mutant. a to d, GUS staining in a wild-type seedling (a), a wild-type root tip (b), a pold2-1 seedling (c), and a pold2-1 root tip (d). e, CYCB1;1 expression as determined by qRT-PCR. RNAs were extracted from 7-d-old seedlings and used for qRT-PCR. Values were normalized to the expression level of the references gene (UBI). Two independent experiments (each with three technical replicates) were done with similar results. Values are means 6 SE, n = 3, from one experiment. E, pold2-1 increases HR in 14-d-old seedlings. The wild-type 651 carrying a homologous reporter GUS gene was crossed with the dms3-4 pold2-1 mutant. Homozygous pold2-1 plants carrying the homozygous GUS reporter were isolated and used for GUS staining. F and G, pold2-1 exhibits a reduced telomere length. Genomic DNAs of the wild type, dms3-4, pold2-1, and pold2-1 dms3-4 digested by HinfI (DNAmethylation sensitive, F) or MseI (DNA-methylation insensitive, G) were subjected to Southern blot with a telomere probe. methylation pattern was maintained after dms3-4 was recovered. These results suggest that DNA methylation is not responsible for the release of the silencing of NPTII in the dms3-4 mutant background.
We next checked DNA methylation on a genomewide scale using the BS-seq. pold2-1 mutant did not show a significantly altered DNA methylation level at the whole-genome scale (Fig. 5, D and E) . In agreement with a previous study showing that the DNA singlestranded binding protein RPA2A does not affect DNA methylation (Elmayan et al., 2005; Stroud et al., 2013) , POLD2 is dispensable for DNA methylation. These results suggest that the DNA replication machinery does not influence DNA methylation.
POLD2 Mediates H3K27me3 and H3K4me3 Histone Modification in NPTII
Given that POLD2 does not affect DNA methylation and that its mutation changes the expression of NPTII, we suspected that POLD2 may affect histone modification. We performed whole-genome ChIP-seq for H3K27me3, H3K4me3, H3K9me2, and H3 in the wild type and pold2-1.
Using ChIP-seq data, we compared the histone modification profiles on the T-DNA locus. The 35S promoter region harbors a slightly higher level of H3K9me2 histone modification in pold2-1 than in the wild type (Fig. 6, A and B) . The NPTII region had decreased H3K27me3 and H3K4me3 but increased H3K9me2 in the pold2-1 mutant compared to the wild type (Fig. 6, A and B) . We next examined histone modification levels among the wild type, dms3-4, pold-1 dms3-4, and pold2-1 using ChIP-PCR. We found that the H3K27me3 level at the NPTII gene body region was much lower in the pold2-1 or pold2-1 dms3-4 mutant than in the wild type or in the dms3-4 mutant (Fig. 6D) , which was consistent with the ChIP-seq data indicating that pold2-1 decreased H3K27me3 (Fig. 6, A and B) . The H3K9me2 level of both 35S and NPTII was higher in dms3-4 than in the wild type (Fig. 6, C and D) , which would lead to a repression of NPTII gene expression in dms3-4. The H3K9me2 level in the pold2-1 dms3-4 double mutant and in the pold2-1 single mutant, however, was similar to that in the dms3-4 mutant (Fig. 6, C and  D) , suggesting that the release of NPTII silencing in the pold2-1 mutant in the dms3-4 background was not due to changes in the H3K9me2 level. The H3K4me3 level Figure 5 . pold2-1 releases the silencing of NPTII in dms3-4 independent of DNA methylation. A, IGV visualization of the DNA methylation level (CG, CHG, and CHH) at the transgenic T-DNA locus in the wild type (WT) and pold2-1 mutant from whole-genome bisulfite sequencing data. B and C, Methylation level of the 35S (B) and NOS (C) regions of the wild type, dms3-4, pold2-1, and dms3-4 pold2-1 as determined by bisulfite sequencing (10-15 clones were analyzed for each sample). D, Patterns of DNA methylation (CG, CHG, and CHH) across all genes in the wild type and the pold2-1 mutant. Genes were aligned from the TSSs to the TTSs, and average methylation for all cytosines within each bin is plotted. E, Patterns of DNA methylation (CG, CHG, and CHH) across all transposon elements (TEs) in the wild type and the pold2-1 mutant. Transposon elements were aligned from the TSSs to the TTSs, and average methylation for all cytosines within each bin is plotted.
in the NPTII region was lower in dms3-4 than in the wild type (Fig. 6D) . pold2-1 mildly increased the H3K4me3 level in the dms3-4 background, but the H3K4me3 level was still lower in the pold2-1 background than in the wild type, which is consistent with the lower expression of NPTII in the pold2-1 mutant (Figs. 1B and 6D) . . pold2-1 decreases the H3K27me3 level at NPTII. A, Histone modification status of the transgene construct in the wild type (WT) and pold2-1 mutant. Data of Histone H3 Lys 9 dimethylation (K9me2), Histone H3 Lys 27 trimethylation (K27me3), Histone H3 Lys 4 trimethylation (K4me3), total histone H3 (H3), and input (Input) level were shown from whole genome ChIP-seq. The data range of each modification was set to the same scale between the wild type and pold2-1 mutant. B, Chart depicted the relative quantitative histone modification level of 35S or NPTII region as shown in A. C-E, Histone modification levels at 35S (C), NPTII (D), and UBI (E) in the wild type, dms3-4, pold2-1 dms3-4, and pold2-1 as indicated by ChIP-PCR analysis. The histone modification levels of H3K27me3, H3K4me3, H3K9me2, and total histone H3 on each indicated locus were detected by ChIP-qPCR. UBI was used as a control locus enriched in H3K4me3 but depleted in H3K27me3 or H3K9me2 modification. The error bars represent the SEM.
Ubiquitin-conjugating enzyme 21 (UBI) was used as a positive control for H3K4me3 and as a negative control for H3K27me3 and H3K9me2, and the histone modification pattern on the UBI region was similar among the four samples (Fig. 6E) . Together, these results suggest that the release of NPTII silencing in the dms3-4 mutant by pold2-1 results from a reduced level of H3K27me3.
We next sought to determine whether H3K27me3 or H3K4me3 is altered in the other mutants isolated from the same screen. Indeed, we found the H3K27me3 level on the NPTII was decreased in the rfc1-4, ubp26-5, and hda6-11 mutants compared to that in the wild type (Supplemental Fig. S4A ). We also found that rfc1-4 and ubp26-5 could partially restore the level of H3K4me3 in the dms3-4 background (Supplemental Fig. S4B ). hda6-11 greatly increased H3K4me3, and the expression level of NPTII was higher in the hda6-11 mutant than other mutants (Supplemental Fig. S4B ; Figure 1B ). These results suggest that RFC1, UBP26, and HDA6 are also involved in mediating H3K27me3 and H3K4me3 modification and NPTII expression.
Correlation between Changes in Levels of H3K27me3 or H3K4me3 and Changes in Gene Expression in the pold2-1 Mutant
We identified 7,786 genes with H3K27me3 (Supplemental Fig. S5A ; Supplemental Table S1), and these genes largely overlap with those identified in two previous studies: they overlap with 85.4% (4,346 of 5,090; Supplemental Fig. S5A ) of the genes previously identified in a ChIP-seq study and with 83.4% (4,154 of 4,980; Supplemental Fig. S5A ) of those genes previously identified in another ChIP-chip analysis . We identified 17,849 genes with H3K4me3, and these genes overlap with 97.8% (13,899 of 14,206; Supplemental Table S2 ) of those reported by Luo et al. (2012; Supplemental Fig. S5A ). H3K9me2 is mainly localized on TEs (Supplemental Fig. S5B ). We also found 3,697 genes that harbor H3K9me2 (Supplemental Table S3 ), and these genes overlap with 73% (836 of 1,147) of those reported by Luo et al. (2012; Supplemental Fig. S5A ). Overall, these results indicate that our ChIP-seq data are reliable.
Based on ChIP-seq data, we found 977 genes whose H3K27me3 levels were lower in the pold2-1 mutant than in the wild type [P-value , 0.01, false discovery rate (FDR) , 0.01; Supplemental Table S4 ]. After plotting the epigenetic profile of these 977 genes with decreased levels of H3K27me3, we found that the H3K27me3 level was lower on the gene body in the pold2-1 mutant than in the wild type (Fig. 7A) . The H3K4me3 levels in these 977 genes were relatively low. The H3K4me3 signal is mainly detected after the transcriptional start site (TSS), the level of which was higher in pold2-1 than in the wild type (Fig. 7A) . The total H3 was enriched on these gene body regions but depleted on the TSS or transcription termination sites (TTS; Fig. 7A ), which was consistent with a previous report (Ha et al., 2011) . The level of total H3 was slightly lower in the pold2-1 mutant than in the wild type (Fig. 7A) . To determine whether changes in H3K27me3 were correlated with changes in gene expression, we performed RNA-seq of the wild type and the pold2-1 mutant (Supplemental Table S5 ). Among the 977 genes with reduced levels of H3K27me3 in pold2-1, 385 were found to be expressed, of which, 282 genes (73%) were up-regulated. After plotting these 385 expressed genes using a heat map and a box plot, we found that the expression levels of these genes were significantly higher in pold2-1 than in the wild type (P-value , 0.0001, paired Student's t test; Fig. 7 , B and C). These results suggest that pold2-1 leads to a decrease in H3K27me3 level, which in turn may increase gene expression.
We found 343 genes that had a significantly higher level of H3K27me3 in the pold2-1 mutant than in the wild type (P-value , 0.01, FDR , 0.01; Supplemental Table S6 ). The increased H3K27me3 modification mainly occurred on the gene body regions (Fig. 7D ). Among these genes, there were no obvious changes in H3K4me3 or in H3 between pold2-1 and the wild type (Fig. 7D) . Of the 343 genes with increased levels of H3K27me3, 117 were expressed (71 down-regulated and 46 up-regulated), but the expression was not significantly different between pold2-1 and the wild type (Fig. 7 , E and F; P-value = 0.2292, paired Student's t test). These results suggest that the moderate increase in H3K27me3 level in pold2-1 does not apparently change the gene expression.
We found 499 genes that had significantly higher H3K4me3 levels in the pold2-1 mutant than in the wild type (P-value , 0.01, FDR , 0.01; Supplemental Table  S7 ), and 21.4% (107 of 499) of these genes overlapped with genes with decreased levels of H3K27me3. After plotting the epigenetic profiles of these 499 genes, we found that the increased H3K4me3 signals began to occur just after the TSS (the first nucleosome in the gene body) and then spread to the whole gene body and that their level was lowest at the TTS (Fig. 8A) . The H3 level was slightly lower in the pold2-1 mutant than in the wild type (Fig. 8A) . Most of these 499 genes were expressed (455 of 499), and more than 76% (345 of 455) genes were up-regulated. After statistical analysis, the expression levels were significantly higher in the pold2-1 mutant than in the wild type (Fig. 8 , B and C; P-value , 0.0001, paired Student's t test). Only 32 of the genes were found to have a lower H3K4me3 level (P-value , 0.01, FDR , 0.01; Supplemental Table S8 ; Fig. 8D ). Among these 32 genes, 30 were found to be expressed, of which 23 showed a lower expression level in the pold2-1 mutant compared to the wild type. After boxplotting of these 30 genes, they exhibited a lower expression level (Fig. 8 , E and F; P-value = 0.0023, paired Student's t test) in pold2-1 than in the wild type. These results suggest that the pold2-1 mutation prominently increases the H3K4me3 level and gene expression.
We further selected some loci for validation by ChIP-PCR. SEP3 was recently reported to be a target of the catalytic subunit POLD1, and its H3K4me3 level is increased in the pold1 mutant (Iglesias et al., 2015) . Consistent with our ChIP data (Fig. 9A ), SEP3 together with eight other selected genes had decreased H3K27me3 levels and increased H3K4me3 levels. Two genes (AT2G39250 and AT1G06360) with increased H3K27me3 and decreased H3K4me3 in pold2 -1 relative to the wild type were also checked by ChIP-PCR (Fig. 9, B and C) . The levels of total histone H3 among these genes were similar between the pold2-1 mutant and the wild type (Fig. 9D) . UBI, which has only a slight modification in H3K27me3 but a substantial modification in H3K4me3, and H3 were used as controls. Consistently, six of nine genes that had decreased H3K27me3 levels but increased H3K4me3 levels had higher expression levels in pold2-1 than in the wild type (Fig. 9E) . In contrast, the expression levels of AT2G39250 and AT1G06360 (with an increased level of H3K27me3 and a decreased level of H3K4me3) were lower in pold2-1 than in the wild type (Fig. 9E) . Together, these results suggest a critical role of POLD2 in mediating H3K27me3 and H3K4me3 levels and gene expression.
DISCUSSION
Genetic screens for the release of the TGS of Pro35S:NPTII in either the ros1 or dms3-4 mutant has identified most Figure 7 . Correlation between H3K27me3 signals across the genes and mRNA expression levels caused by the pold2-1 mutation. A, Altered histone modification profiles of 977 H3K27me3-decreased genes by pold2-1. Genes were aligned from the TSSs to the TSSs and divided into 60 bins. The 2,000-bp (2-kb) regions either upstream of TSS or downstream TTS were also included and divided into 20 bins, respectively. Histone modification levels of each bin are plotted. B, Gene expression profiles of H3K27me3-decreased genes in pold2-1 and the wild type. Values were log2FPKM-transformed. FPKM were generated from RNA-seq using TopHat and Cufflinks software. C, Boxplot showing the expression (log2FPKM-transformed) of genes in B. The mean value of the group was significantly higher in pold2-1 than in the wild type (*** P , 0.0001, two-tailed paired Student's t test). D, Altered histone modification profiles of 343 H3K27me3-increased genes by pold2-1 mutant. Genes were aligned from the TSSs to the TTSs and divided into 60 bins. The 2,000-bp (2-kb) regions either upstream of TSS or downstream TTS were also included, and each was divided into 20 bins. Histone modification levels of each bin are plotted. E, Gene expression profiles of H3K27me3-increased genes in pold2-1. Values shown are log2FPKM-transformed. FPKM (fragments per kilobase of transcript per million mapped reads) were generated from RNA-seq using TopHat and Cufflinks software. F, Boxplot showing the expression (log2FPKM-transformed) of genes in B. The mean value of the group in pold2-1 was not significantly different from that in the wildtype group (n.s., not significant, paired Student's t test).
of the core DNA-replication proteins, including the DNA single-strand-binding protein RPA2A (Xia et al., 2006) , Pola (Liu et al., 2010a) , Pol « (Yin et al., 2009 ), POLD2 (this study), RFC1 (Liu et al., 2010b) , and TOUSLED protein kinase (Wang et al., 2007) . Other studies have identified other DNA replication-related proteins involved in mediating TGS, including BRU1 (Takeda et al., 2004) , chromatin assembly factor (CAF-1) subunits FAS1 and FAS2 (Ono et al., 2006; Schonrock et al., 2006) , and TEBICHI (Inagaki et al., 2009) . The release of TGS by defects in the DNA-replication machinery suggests that these processes must have a common mechanism. In this study, we found that POLD2 does not affect DNA methylation but plays crucial roles in regulating H3K27me3 and H3K4me3 modification according to genome-wide ChIP-seq. The released silencing of NPTII in dms3-4 is mainly due to the change in histone modifications by pold2-1. These results suggest that the DRR-TGS pathway is essential for maintaining H3K27me3 and H3K4me3 inheritance and gene expression.
DNA Pol d is conserved in eukaryotes and is important in regulating genomic stability and development in Arabidopsis (Schuermann et al., 2009; Iglesias et al., 2015) . To our knowledge, the biological functions of Arabidopsis POLD2 have not been studied yet. In this study, we found that POLD2 is an essential gene that contributes to DNA replication, genomic stability through maintaining HR, DNA damage repair, and telomere length. In addition, genetic analysis presents a Figure 8 . Correlation between H3K4me3 signals across the gene and mRNA expression levels caused by pold2 mutant. A, Altered histone modification profiles of 499 H3K4me3-increased genes by pold2-1. Genes were aligned from the TSSs to the TTSs and divided into 60 bins. The 2,000-bp (2-kb) regions either upstream of TSS or downstream TTS were also included, and each was divided into 20 bins. Histone modification levels of each bin are plotted. B, Gene expression profiles of H3K4me3-increased genes by pold2-1. Values shown are log2FPKM. FPKM (fragments per kilobase of transcript per million mapped reads) was generated from RNA-seq using TopHat and Cufflinks software. C, Boxplot showing the expression (log2FPKM-transformed) of genes in B. The mean value of the pold2-1 group was significantly higher than that of the wild-type group (*** P , 0.0001, twotailed, paired Student's t test). D, Altered histone modification profiles of 32 H3K4me3-decreased genes by pold2-1 mutant. Genes were aligned from the TSSs to the TTSs and divided into 60 bins. The 2,000-bp (2-kb) regions either upstream of TSS or downstream TTS were also included, and each was divided into 20 bins. Histone modification levels of each bin are plotted. E, Gene expression profiles of H3K4me3-decreased genes by pold2-1 mutant. Values are log2FPKM-transformed. FPKM was generated from RNA-seq using TopHat and Cufflinks software. F, Boxplot showing the expression (log2FPKM) of genes in B. The mean value of the pold2-1 group was significantly lower than that of the wild-type group (** P , 0.001, two-tailed paired Student's t test).
synergistic role of POLD2 with ATR or Pola in controlling plant development (Fig. 3) . Similarly, a previous study reported that TEBICHI protein containing both DNA helicase and polymerase domains genetically interacts with ATR to regulate plant development (Inagaki et al., 2009) .
DNA replication proteins play crucial roles in maintaining histone inheritance. RNA-and ChIP-seq indicate that POLD2 mediates the expression of genes enriched in H3K27me3 and H3K4me3 in gene bodies. We found a high correlation between reduced H3K27me3 levels or increased H3K4me3 levels and increased gene expression, which is consistent with previous studies in Arabidopsis and Drosophila (Papp and Muller, 2006) . However, the expression of genes with increased H3K27me3 levels in pold2-1 does not show a clear tendency toward reduced gene expression, probably because their expression is already very low or because the experimental seedlings have mixed cell types; the obtained results might be over-or underestimated. In this case, we might not detect the difference if change occurs in only a small proportion of the cells in the whole plant. Perhaps future studies on specific cell types or cell cycles will be able to prove how DNA replication factors participate in epigenetic regulation in Arabidopsis. Interestingly, in embryonic stem cells, a specific chromatinmodification pattern (chromatin areas with these patterns are termed bivalent domains and harbor both H3K27me3 and H3K4me3) is important for cell differentiation and memory (Bernstein et al., 2006) . Our results indicate that the POLD2 mutation altered the levels of H3K27me3 and H3K4me3 of 107 bivalent genes (Supplemental Fig.  S6 ; Supplemental Table S9 ). These results suggest that POLD2 is involved in regulating the bivalent histone modifications and that the DNA replication machinery could contribute to cell differentiation and cell-type transition.
So far, the intrinsic mechanism that DNA replication affected H3K27me3 or H3K4me3 was not clear, although several lines of evidence suggest that DNA replication or related factors help regulate PcG target genes. Our RNA-seq data indicate that the POLD2 mutation did not change the expression of genes responsible for the establishment and maintenance of H3K4me3 and H3K27me3 significantly (Supplemental Table S10 ). Western-blot analyses indicate that the total levels of H3K4me3 and H3K27me3 were not changed in pold2 mutant (Supplemental Fig. S7 ). These results suggest that POLD2 does not affect the expression of genes for establishment and maintenance of H3K4me3 and H3K27me3 modification, or the global H3K4me3 and H3K27me3 levels. It was previously proposed that DNA polymerase d may play a role in preventing replication stress or HR and in depositing active H3K4me3 marks (Iglesias et al., 2015) . Meanwhile, some studies indicate that the catalytic subunit of DNA polymerase a interacts with (Barrero et al., 2007) or perturbs the binding of like-heterochromatin protein 1 (LHP1; Hyun et al., 2013) , which is the main reader/effector for H3K27me3 in Arabidopsis (Barrero et al., 2007; Zhang et al., 2007) . Another link between DNA replication and H3K27me3 is MSI1 (multicopy suppressor of ira1), a chromatin assembly factor in Arabidopsis, which interacts with PcG protein and LHP1 (Derkacheva et al., 2013) . So, it is possible that a dysfunctional Pol d may disturb the entire replication machinery, which would interfere with the recruitment of LHP1 or PcG proteins to PcG targets. In mammalian cells, PcG proteins can be phosphorylated by cyclin-dependent kinases in a cell cycle-dependent manner (Chen et al., 2010) . Because pold2-1 exhibits an abnormal cell cycle (Fig. 4D) , it is also possible that a disordered cell cycle machinery in the DNA replication-related mutants may influence the activity of PcG proteins and subsequently epigenetic silencing. Further studies will be needed to dissect the molecular mechanisms for how each component of the DNA replication machinery participates in this process.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
pold2-1, hda6-11, ubp26-5, and rfc1-4 were isolated from an EMS-mutagenized population of dms3-4 in this study. ros1 (ros1-1), pol« (abo4), pola, rpa2a-2 (ror1-2), dms3-4, nrpd1-8, nrpe1-14, and ros4 are C24 ecotypes carrying homozygous ProRD29A:LUC and Pro35S:NPTII transgenes. GK-762B02 (pold2-2; Rosso et al., 2003) , atr-2 (SALK_032841C), and atm (SALK_040423C) are T-DNA insertion mutants ordered from ABRC. dms3-1 (Col-0; Kanno et al., 2008 ) is a gift from Dr. Matzke.
Seeds were sterilized and grown on MS medium plates supplemented with 20 g/L Suc and 0.8% agar at 22°C under long-day (23 h) illumination. Then 7-dold seedlings were transferred to soil and grown in a greenhouse at 22°C under long-day (16 h) conditions.
Map-Based Cloning of POLD2
Approximately 12,000 dms3-4 (C24 background and kanamycin-sensitive) seeds were mutated with EMS. The putative mutants were isolated from M2 seedlings that survived on MS medium containing 50 mg/L kanamycin. For map-based cloning of the POLD2 gene, pold2-1 dms3-4 (in C24) was crossed with dms3-1 (Col-0; Kanno et al., 2008) , and 250 kanamycin-resistant plants selected from the F2 progeny were analyzed with SSLP markers based on the polymorphism data (http://1001genomes.org/). POLD2 was narrowed to an area between BAC clone F18O19 and T28M21. Based on previous results with DNA polymerases, the POLD2 gene was selected and sequenced and a point mutation was determined. Figure 9 . (Continued.) was measured by ChIP-qPCR between the wild type and pold2-1 mutant. Values presented are relative to the input, the error bars represent the SEM (n = 3). AT5G25760 (UBI) was used as a control locus enriched in H3K4me3 modification but depleted in H3K27me3 modification. E, Relative gene expression level of these selected genes. RNAs extracted from 10-d-old seedlings were used for qRT-PCR. Values were normalized to the expression level of the references gene (UBI). Two independent experiments (each with three technical replicates) were done with similar results. Values are means 6 SE, n = 3, from one experiment.
For complementation, a 4.9-kb length of POLD2 genomic DNA containing 1,932 bp (promoter + 59UTR) and 254 bp 39UTR was cloned into pCAMBIA1391. The plasmid was introduced into pold2-1 dms3-4 mutants by Agrobacterium tumefaciens strain GV3101.
Subcellular Localization of POLD2-GFP Fusion Protein
Three fragments, that is, the 1,932-bp promoters of POLD2, POLD2 cDNA without the TAA stop codon, and GFP cDNA, were obtained using paired primers and were separately cloned into the pCAMBIA1300 vector with POLD2 fused in frame with GFP. The vector was introduced into pold2-1 dms3-4 plants by A. tumefaciens strain GV3101. This construct was able to complement the pold2-1 mutant, indicating that the POLD2-GFP fusion protein was functional. Three-day-old seedlings of the T2 progeny were examined and photographed with a confocal laser scanning microscope (Leica sp5).
GUS Staining
A 1,932-bp genomic fragment of POLD2 upstream of ATG was amplified and cloned into the pCAMBIA1391 vector. This ProPOLD2:GUS plasmid was then transformed into the wild type (C24 ecotype) by A. tumefaciens strain GV3101. At least 25 independent transgenic lines were selected for GUS staining. Transgenic plants at different growth stages were collected and stained with freshly made GUS staining buffer (13 phosphate-buffered saline, 0.1% Triton X-100, 0.5 mM K 3 Fe(CN) 6 , 1 mg/mL X-Gluc) at 37°C, and were then washed several times with 70% ethanol.
Histochemical Assay of ProCYCB1;1:GUS Arabidopsis (Arabidopsis thaliana) plants transformed with ProCYCB1;1:GUS (Colon-Carmona et al., 1999) were crossed with the pold2-1 mutant. Three independent lines homozygous for both GUS reporter and pold2-1 were selected from F4 progeny and subjected to histochemical GUS staining. Homozygous GUS reporter wild-type lines selected from F4 progeny were used as the control.
Intrachromosomal HR Assay
The intrachromosomal recombination reporter line 651 (Molinier et al., 2006; in C24) was crossed with the pold2-1dms3-4 double mutant. At least three independent F4 plants homozygous for the mutant pold2-1 (DMS3/DMS33pold2-1/ pold2-1) or wild type (DMS3/DMS33POLD2/POLD2) and homozygous for the GUS transgene were selected. Seedlings were subjected to histochemical GUS staining as mentioned above.
BS-Seq
A whole-genome BS-seq library was prepared mainly according to Urich et al. (2015) . Genomic DNAs were extracted from seedlings using the DNeasy Plant Mini Kit (QIAGEN) according to the manufacturer's instructions. A 2-mg quantity of genomic DNAs was sonicated (20 cycles of 30 s on, 30 s off, at low intensity) into 200-bp fragments with a Bioruptor (Diagenode), end repaired, 39-dA-tailed, and ligated to methylated adapters. After purification, the ligated DNA fragments were treated with the EZ Methylation-Gold Kit (Zymo Research). The eluted bisulfite-treated DNAs were amplified using barcoded primers for sequencing (CGCTGT for the wild type and ACAGTG for the pold2 mutant). Highthroughput sequencing of the BS-seq library was performed on the Illumina NextSEquation 500 System with single-end 75-bp reads. The raw sequence data were demultiplexed and converted to fastq files using bcl2fastq2 Conversion Software (version v2.16.0) under default parameters. The DNA methylation was analyzed according to Zhao et al. (2014) and Wang et al. (2015) .
For locus-specific bisulfite sequencing, 500-ng of DNA was treated with the EZ Methylation-Gold Kit (Zymo Research). Two eluted fractions (10 mL each) were used as PCR templates for amplifying the target sequence; the primers were the same as previously reported (Zhao et al., 2014) . Products were cloned into the pMD18-T vector (TaKaRa), and 10 to 15 independent clones of each sample were sequenced (Lifetech-China).
Real-Time PCR
Total RNAs were extracted from 0.1 g of seedlings using the RNeasy Plant Mini Kit (QIAGEN). After RNase-free DNaseI(TaKaRa) digestion at 37°C, 4 mg of RNA was reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Promega) in a 30-mL volume. A 2-mL volume of 5-fold-diluted cDNA was added to a 20-mL real-time PCR reaction system in SYBR Green Master Mix (TaKaRa). The reaction was running by StepOnePlus Real-Time PCR System (Applied Biosystems), and the procedure was as follows: 95°C for 2 min followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Specific primers for each gene are listed in Supplemental Table S11 . UBIQUITIN-CONJUGATING ENZYME 21 (UBI, AT5G25760) was used as the reference gene as previously described (Huettel et al., 2006) . Three technical replicates were performed per biological replicate, and two to three biological replicates were used in all experiments.
DNA-Damage Assay
A DNA-damage assay was performed as previously described (Liu et al., 2010b) . Seeds were sterilized and grown on MS medium or MS medium supplemented with one of three DNA-damaging reagents: 25 mM cisdiamineplatinum (II) dichloride (SIGMA, 479306), 50 ppm (0.005%, 65 mg mL 21 ) MMS (SIGMA, 129925), or 200 mg/L HU (SIGMA, H8627). After they were grown for 15 d at 22°C under long-day (23 h) illumination, seedlings were imaged and weighed. The fresh weight relative to untreated controls after treatment with DNA-damaging reagents was calculated. Three biological replicates were carried out.
Telomere Length
Genomic DNAs were extracted from 14-d-old seedlings using the DNaesy Plant Mini Kit (QIAGEN) according to the manufacturer's instructions. A 3-mg quantity of DNA was digested with HinfI or MseI in a 100-mL system at 37°C. Southern blot was performed with the DIG-High Prime DNA Labeling and Detection Starter Kit II (Roche). The synthesized telomere repeat (TTTAGGG), which was labeled with digoxigenin using the DIG Oligonucleotide 39-End Labeling Kit (Roche), was used as the probe.
Accession Numbers
Sequence data from this article can be found in the EMBL/GenBank data libraries under accession numbers: POLD2 (AT2G42120), RFC1 (AT5G22010), POLA (AT5G67100), POLE (AT1G08260), ROR1 (AT2G24490), ROS1(AT2G36490), DMS3 (AT3G49250), NRPD1 (AT1G63020), NRPE1 (AT2G40030), ROS4 (AT3G14980), ATM (AT3G48190), ATR (AT5G40820), HDA6 (AT5G63110), UBP26 (AT3G49600),, SEP3 (AT1G24260), UBI (AT5G25760), BRCA1 (AT4G21070), RAD51 (AT5G20850), PARP1 (AT2G31320), PARP2 (AT4G02390), and CYCB1;1 (AT4G37490).
RNA-seq, BS-seq, and ChIP-seq data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database under accession number GSE79259.
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